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Crosslinking of IgE-bound Fc3RI triggers mast cell
degranulation. Previous fluorescence recovery after
photobleaching (FRAP) and phosphorescent anisot-
ropy studies suggested that Fc3RI must immobilize
to signal. Here, single quantum dot (QD) tracking
and hyperspectral microscopy methods were used
fordefining the relationshipbetween receptormobility
and signaling. QD-IgE-Fc3RI aggregates of at least
three receptors remainedhighlymobileoverextended
times at low concentrations of antigen that induced
Syk kinase activation and near-maximal secretion.
Multivalent antigen, presented as DNP-QD, also re-
mainedmobile at lowdoses that supported secretion.
Fc3RI immobilization was marked at intermediate
and high antigen concentrations, correlating with
increases in cluster size and rates of receptor internal-
ization. The kinase inhibitor PP2 blocked secretion
without affecting immobilization or internalization.
We propose that immobility is a feature of highly
crosslinked immunoreceptoraggregatesanda trigger
for receptor internalization, but is not required for
tyrosine kinase activation leading to secretion.
INTRODUCTION
The T cell receptor (TCR), B cell receptor (BCR), and high-affinity
IgE receptor (Fc3RI) typify the multichain immune-recognition
receptor family and control key events in the immune response
(Sigalov, 2004). These receptors share a common activation
mechanism, whereby receptor crosslinking initiates Src kinase
family-mediated phosphorylation of immunoreceptor tyrosine-
based activation motifs (ITAMs), recruitment of the kinases Syk
or ZAP-70, and propagation of signaling (Boniface et al., 1998;
Kraft and Kinet, 2007; Thyagarajan et al., 2003). However,
additional mechanisms may contribute to signal initiation, as
suggested by the persistence of Fc3RI signaling in Lyn kinase-
deficient mast cells (Hernandez-Hansen et al., 2004; Nishizumi
and Yamamoto, 1997; Rivera and Gilfillan, 2006). Crosslink-
inducedchanges in receptor conformationmay alsobe acontrib-
uting factor, as suggested by studies in the TCR and BCR
systems (Gil et al., 2002; Tolar et al., 2008).IIn each of these systems, antigen binding is associated with
changes in receptor dynamics and topography (Dustin and
Cooper, 2000; Thyagarajan et al., 2003; Wilson et al., 2000). In
T cells, it has been shown that contact with surface-associated
antigen induces formation of TCR microclusters, which signal
actively while undergoing actin-mediated transport through the
peripheral supramolecular activation complex (pSMAC) and
cease signaling in the central supramolecular activation complex
(cSMAC) in which they are largely immobile (Campi et al., 2005;
Yokosuka et al., 2005). In the Fc3RI system,manymeasurements
based on fluorescence recovery after photobleaching (FRAP)
and rotational mobility have shown that IgE-Fc3RI mobility
decreases dramatically upon addition of multivalent antigen
(Mao et al., 1991; Menon et al., 1986b; Myers et al., 1992; Pecht
et al., 1991; Pyenta et al., 2003; Tamir et al., 1996; Zidovetzki
et al., 1986). These studies demonstrate that an activation-
associated change in receptor mobility is a common feature of
multichain immune-recognition receptors.
However, the relationship between mobility changes and
signaling is not entirely clear. In the case of Fc3RI, most investi-
gators have concluded that receptor immobilization is a prelude
to degranulation (Menon et al., 1986a; Menon et al., 1986b;
Myers et al., 1992; Pecht et al., 1991; Tamir et al., 1996). One
early FRAP study differed from this view by showing that addition
of FITC antibodies to FITC-IgE-labeled Fc3RI induced degranu-
lation without causing substantial decreases in Fc3RI mobility
(Schlessinger et al., 1976). Furthermore, previous scanning elec-
tron microscopy (SEM) studies (Seagrave et al., 1991) showed
that formation of small oligomers (chains and small clusters) by
anti-IgE was associated with robust degranulation, whereas
the formation of large aggregates at higher doses of anti-IgE
was associated with reduced secretion. Because larger aggre-
gates of receptors would be expected to diffuse more slowly
(Kusumi et al., 2005; Peters and Cherry, 1982), it was suggested
that immobilization of receptors would more likely be correlated
with signal termination than signal initiation. It is also notable
that, despite over a decade of literature linking Fc3RI tyrosine
phosphorylation to signaling (reviewed in Rivera and Gilfillan,
2006), roles for ITAM tyrosine phosphorylation in the process
of receptor immobilization have not been defined.
To examine the relationship between antigen-induced
changes in Fc3RI mobility and signaling at high resolution, we
generated quantum dot (QD)-IgE probes that bind Fc3RI without
activating the cell (Andrews et al., 2008) and also multivalent
2,6-dinitrophenyl-QD (DNP-QD) probes that can activate cellsmmunity 31, 469–479, September 18, 2009 ª2009 Elsevier Inc. 469
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These probes were used for studying the mobility of both unsti-
mulated and crosslinked receptors by single-particle tracking
(SPT). We report that Fc3RI immobilization in the RBL-2H3
mucosal mast cell line, as well as in bonemarrow-derivedmurine
mast cells (BMMCs), was markedly dependent on both antigen
dose and valency. Further, we showed that at low antigen
concentrations or low valency, crosslinked Fc3RI aggregates
were small, signaling competent, and mobile. Our data indicate
that receptor immobilization is strongly correlated with receptor
internalization but is not required for signal initiation.
RESULTS
Dose Dependence of Antigen-Induced Fc3RI
Immobilization
Our first goals in this study were to establish the dose depen-
dency of Fc3RI immobilization and to determine whether immo-
bilization correlates with important outcomes of Fc3RI signaling,
such as receptor phosphorylation, increases in intracellular
calcium, and degranulation. Mast cells were labeled with QD-IgE
at low concentrations, which permit SPT (see Experimental
Procedures). The remaining Fc3RI sites were saturated with
dark (unlabeled) anti-DNP-IgE, such that all Fc3RI were capable
of binding and responding to multivalent antigen. Single QD
tracking was initiated at 20–33 frames/s and cells were stimu-
A
D
H I
E F G
B C Figure 1. Antigen-Induced Immobilization
and Degranulation Are Dose Dependent
(A) The relative change in diffusion coefficient (‘‘D’’)
as a function of time. Cells were treated with
DNP25-BSA at the indicated doses (in mg/ml) 10 s
into each image series. Each trace is an average
from at least nine individual cells (see Experimental
Procedures).
(B) Example trajectories of QD-IgE-Fc3RI after
treatment with 0.001 mg/ml (left column) or 1 mg/ml
(right column) DNP25-BSA.
(C) Cumulative probability analysis (CPA) plot
shows the distribution of diffusion coefficients for
1 mg/ml DNPn-BSA on RBL-2H3 cells.
(D–G) Degranulation assay results showing
percentage of total b-hexosaminidase released
from cells stimulated with the indicated doses of
antigen for (D) DNP25-BSA, (E) DNP12-BSA, (F)
DNP4-BSA, and (G) DNP2-BSA.
(H) CPA plot of diffusion coefficients for QD-IgE-
Fc3RI tracked on BMMC.
(I) Degranulation assay results on BMMC. Error
bars represent standard deviation from represen-
tative degranulation assays from three (D–G) or
two (I) independent experiments, each performed
in duplicate. Further details on diffusion coefficient
values are found in Table S1.
lated by the addition of varying doses of
multivalent antigen, DNPn-BSA (Movie
S1 available online).
From these time-series images, we
calculated the mean instantaneous diffu-
sion coefficient (see Experimental Proce-
dures). This provides a high temporal resolution measure of the
average diffusion rate of IgE-Fc3RI before, during, and after
crosslinking. We then plotted this value as a function of time
and antigen dose (Figure 1A, shown for DNP25-BSA).
Our results demonstrate that the rate and extent of QD-IgE-
Fc3RI immobilization was highly dependent on antigen dose
(Figure 1A and Table S1). The addition of low concentrations of
highly multivalent antigen (0.001 and 0.01 mg/ml DNP25-BSA)
caused very little reduction in mobility. In contrast, 0.1 mg/ml
DNP25-BSA caused a slow loss of receptor mobility, and 1 and
10 mg/ml DNP25-BSA caused a dramatic reduction in mobility
within 20 s. Differences in receptor mobility were also illustrated
in the individual trajectories (Figure 1B), representative of recep-
tors treated with low and high doses of DNP25-BSA. Individual
Fc3RI remained relatively free to diffuse after treatment with
0.001 mg/ml DNP25-BSA, whereas treatment with 1 mg/ml
DNP25-BSA yielded a large proportion of immobile trajectories
(defined as a diffusion coefficient < 0.01 mm2/s).
We next addressed the influence of antigen valency on
receptor mobility in RBL-2H3 cells. Data in Figure 1C show
Fc3RI mobility in cells stimulated with 1 mg/ml BSA conjugated
to a range of DNP haptens (valencies of 2, 4, 12, or 25). Note
that the distribution of diffusion coefficients for receptors stimu-
lated with DNP2-BSA (red solid line) was indistinguishable from
the resting state (solid black line). For cells stimulated with
DNP4-BSA, there was only a slight shift to the left (green line),470 Immunity 31, 469–479, September 18, 2009 ª2009 Elsevier Inc.
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is consistent with a predicted small aggregate size. Stimulation
with the intermediate valency antigen (DNP12-BSA, blue line)
resulted in a further reduction in diffusion but still did not ap-
proach the highly immobile behavior of receptors crosslinked
with DNP25-BSA (orange line).
We then examined degranulation responses in RBL-2H3 cells
stimulated over the full range of doses and DNP-antigen valen-
cies (Figures 1D–1G). These data show that signaling occurred
under conditions in which receptors remained mobile. For
example, cells stimulated with low doses of highly multivalent
antigen (DNP25-BSA) secreted up to 60% of granule contents;
under these conditions, receptors were highly mobile (pink line
in Figure 1A and traces in Figure 1B). Cells stimulated with
DNP4-BSA showed peak degranulation response at 1 mg/ml
antigen, when diffusion of receptors was marginally affected
(green line, Figure 1C). Receptors crosslinked with the same
A B Figure 2. Antigen-Induced Aggregates of At
Least Three QD-IgE-Fc3RI Remain Mobile
Cells were labeled with five colors of QD-IgE and
then stimulatedwith 0.1 mg/ml DNP-BSA. Selected
images of diffusing QD-IgE-Fc3RI are shown and
the spectra of selected aggregates (red rectan-
gles) are displayed to the right of each image.
(A) An aggregate composed of QD565-, QD585-,
and QD655-IgE-Fc3RI diffusing together for over
2 min (see Movie S2).
(B) An aggregate composed of QD565-, QD625-,
and QD655-IgE-Fc3RI diffusing together for 20 s.
Variation in the peak intensities over time is attrib-
uted to QD ‘‘blinking.’’ Pseudo-colored RGB
images were generated by displaying 635–655 nm
as red, 575-630 nm as green, and 540-570 nm as
blue. Scale bars represent 2 mm.
dose of DNP2-BSA remained fully mobile
but could initiate a modest but measur-
able degranulation response (15%).
Because degranulation is measured in
RBL-2H3 cells as total b-hexosaminidase
release over a 30 min period of antigen
exposure, we considered the possibility
that QD-IgE-Fc3RI crosslinked at low
antigen concentrations were in fact
immobilizing at some later time point.
We followed the mean instantaneous
diffusion coefficient in response to cross-
linking with 0.001 mg/ml DNP-BSA out
to 15 min and noted no decrease in diffu-
sion (Figure S1). We also simultaneously
measured the mobility of QD-IgE-Fc3RI
and calcium responses in individual cells
(Figure S2) and observed both mobile
receptors and calcium oscillations, as
expected for this low dose of antigen
(LeeandOliver, 1995). Thesedatademon-
strate unequivocally that intracellular sig-
naling occurs while QD-IgE-Fc3RI re-
mains mobile on the RBL cell surface.
Finally, to ensure that these observations extend to primary
cells, we performed similar measurements with murine BMMCs.
These data show that Fc3RI on BMMC remain highly mobile
(Figure 1H) under conditions that stimulate maximal degranula-
tion responses (0.01 mg/ml DNP25-BSA or 1 mg/ml DNP4-BSA,
Figure 1I).
Antigen-Induced Clusters of at Least Three Receptors
Do Not Immobilize
The results of early FRAP studies suggested that crosslinked
Fc3RI aggregates rapidly immobilized (Menon et al., 1986b)
and even dimerization has been reported to reduce rotational
mobility (Myers et al., 1992). To address this directly, we de-
signed an experiment to observe the motion of small antigen-
induced aggregates of Fc3RI (Figure 2 and Movie S2). Cells
were labeled with a mixture of five colors of QD-IgE (QD525-,
QD565-, QD585-, QD625-, and QD655-IgE) and imaged withImmunity 31, 469–479, September 18, 2009 ª2009 Elsevier Inc. 471
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et al., 2006). This instrument collects the emission spectra at
each sampled point in the image from 490 to 800 nm (512 wave-
lengths), enabling the identification of each spectrally distinct QD
(Lidke et al., 2007). Using this instrument, we acquired confocal
time series of all five colors of QD-tagged IgE-Fc3RI complexes
at a rate of 0.25 frames/s. In this protocol, a sufficient number of
receptors were labeled with QD-IgE so that a secretory response
uponmultivalent antigen challenge could be initiated (Figure S3),
thereby avoiding the need to prime additional receptor sites with
dark IgE and providing the ability to track every engaged
receptor. On the basis of our prior work, we expected to observe
only transient co-confinement of multiple, resting IgE-Fc3RI
(Andrews et al., 2008). Consistent with these expectations, we
never observed association of two or more colors of QD for
more than one frame (<4 s) in the absence of multivalent antigen
(data not shown). However, upon addition of 0.1 mg/ml DNP25-
BSA, we frequently observed prolonged codiffusion of multiple
(i.e., dimers and trimers) QD-IgE-Fc3RI. Two examples of this
behavior are shown in Figure 2, in which three spectrally distinct
QD-IgE-Fc3RI form aggregates and diffuse together for many
seconds to minutes (see also Movie S2). The spectral signatures
were stable over time, identifying each diffusing group as a stable
aggregate composed of at least three QD-IgE-Fc3RI. These data
directly show that small, crosslinked aggregates remain mobile.
Multivalent Antigen-Receptor Complexes Remain
Highly Mobile at Low Activating Doses
WedevelopedQD-basedmultivalent analogsofDNP-BSA (DNP-
QD) as an additional approach to confirm our conclusions that
small, signaling-competent aggregates of antigen-crosslinked
Fc3RI are mobile. The DNP-QD probes were generated by react-
ing biotin-DNP with QD-streptavidin conjugates, with optimiza-
tion for creating a polyvalent reagent. Although the valency of
these probes is not precisely known, we estimate that the range
of DNPs per QD is between 10 and 20. We tested the ability of
DNP-QD to trigger degranulation and found a robust, dose-
dependent secretory response that was essentially identical for
stimulation with DNP-QD655 and DNP-QD585 (Figure 3A).
Cellswereprimedwith anti-DNP-IgE and stimulatedwith either
a subactivating dose (1 pM) or an activating dose (500 pM) of
DNP-QD. At the low dose, single QD tracking showed that the
diffusion coefficient of DNP-QD655 (0.0377 mm2/s) was slower
than that of unstimulated QD655-IgE (0.0823 mm2/s) but not
immobile (see TableS1). This is consistentwith formation of small
aggregates of IgE-Fc3RI upon binding toDNP-QD.With the addi-
tion of the low, activating dose of DNP-QD585, we noted only
a slight decrease in the diffusion of DNP-QD655 (0.0321 mm2/s)
(Figure 3B and Movie S3). These data indicate that, at doses
and valency capable of eliciting degranulation, QD ligands can
both stimulate and permit tracking of multimeric receptor
complexes. The mobility of DNP-QD bound to surface receptors
further supports our conclusion that signaling-competent, small
receptor aggregates remain mobile.
Fc3RI Immobilization Is Not Required for Syk
and Receptor Subunit Phosphorylation
To assess the relationship between signal initiation and immobi-
lization, we performed antiphosphotyrosine immunoblotting over472 Immunity 31, 469–479, September 18, 2009 ª2009 Elsevier Inc.a range of DNP25-BSA doses and a time course of 0.5 to 30 min.
We focused on the kinetics and extent of tyrosine phosphoryla-
tion of Fc3RI and its critical binding partner, Syk. At all doses of
antigen (DNP25-BSA), Syk phosphorylation was detectable as
early as 30 s into stimulation and remained elevated over the
30min time course (Figures 4A and 4B). Together with the obser-
vation of calcium oscillations at low antigen doses (Figure S2),
these data suggest that low doses of antigen initiate signaling
in the absence of receptor immobilization. The observation of
Syk phosphorylation at low doses is consistent with the robust
secretory response (Figure 1D) and implies that Syk is efficiently
activated by a small fraction of crosslinked receptors.
It is generally thought that Syk activation is preceded by phos-
phorylation of Fc3RIb and Fc3RIg ITAMs. Phosphorylation of the
Fc3RIb ITAM is believed to facilitate Lyn recruitment, whereas
Fc3RIg ITAM phosphorylation creates a binding site for the
tandem SH2 domains of Syk (Rivera and Gilfillan, 2006). In our
analysis, Fc3RIb phosphorylation was detectable after 30 s of
stimulation at both nonimmobilizing and immobilizing antigen
doses (Figures 4C and 4D). Unexpectedly, Fc3RIg subunit phos-
phorylation occurred with slower kinetics than Syk or b phos-
phorylation, requiring several minutes to reach itsmaximum level
and was not detectable at low doses of DNP25-BSA (Figures 4C
and 4E). Thus, the slower kinetics of g subunit phosphorylation
A
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Figure 3. DNP-QD Remains Mobile at Activating Doses
(A) Degranulation assay plot showing percentage of total b-hexosaminidase
released from cells stimulated with the indicated doses of DNP-QD655 (white
bars) or DNP-QD585 (black bars). Error bars represent standard deviation from
two independent experiments.
(B) Cells were primed with anti-DNP-IgE and then labeled with 1 pM DNP-
QD655. The cumulative probability of the diffusion rate of DNP-QD655 was
then calculated before (thick line) and 2 min after (thin line) addition of
500 pM DNP-QD585. See also Table S1.
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this disparity are discussed below.
Phosphorylation Is Required for Secretion, but Not for
Receptor Immobilization or Internalization
To determine whether receptor phosphorylation is required for
immobilization, we treated RBL-2H3 cells with the Src-family
tyrosine kinase inhibitor PP2 prior to antigen stimulation in the
continued presence of PP2. At the dose employed (10 mM),
PP2 effectively blocked Src family kinase activity and probably
also blocked other downstream tyrosine kinases nonselectively.
PP2 treatment reduced b-hexosaminidase secretion to back-
ground levels over a wide range of antigen doses (Figure S4).
PP2 also dramatically blocked antigen-induced tyrosine phos-
phorylation in response to crosslinking with 1 mg/ml DNP25-
BSA (Figures 5A and 5B). Despite this significant inhibition of
downstream events, PP2 treatment did not prevent immobiliza-
tion of QD-IgE-Fc3RI after stimulation with 1 mg/ml DNP25-BSA
(Figure 5C and Table S1) nor did it prevent antigen-induced,
large-scale aggregation of IgE-Fc3RI (Figure S5).
We employed a flow-cytometry-based assay to measure
internalization of IgE-Fc3RI in response to treatment with various
concentrations of DNP25-BSA. This assay revealed that antigen-
induced Fc3RI internalization increased with antigen dose (Fig-
ure 5D), and such a relationship also correlated with the extent
of receptor immobilization. Because immobilization did not rely
on tyrosine phosphorylation, we investigated the role of phos-
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Figure 4. Phosphorylation Kinetics for Syk
and the Fc3RI b and g Subunits
(A) Tyrosine phosphorylation of the 72 kD band
(Syk) in RBL-2H3 cell lysates after stimulation
with increasing doses of DNP-BSA.
(B) Quantification of blot shown in (A).
(C) Tyrosine phosphorylation of anti-Fc3RIb immu-
noprecipitates showing the kinetics of b and g
subunit tyrosine phosphorylation in RBL-2H3 cells
treated with increasing doses of DNP-BSA.
(D and E) Quantification of blots shown in (C) for (D)
Fc3RIb and (E) Fc3RIg. Blots in (A) and (C) are
representative results from three independent
experiments. Closed symbols in (B), (D), and (E)
designate antigen doses that induced marked
and rapid immobilization.
phorylation in antigen-induced Fc3RI
internalization by pretreating identical
samples with PP2 prior to addition of
antigen. PP2 treatment did not appre-
ciably affect the rate or extent of receptor
internalization (Figure 5D). Thus, the
processes of receptor immobilization and
internalization are both independent of
receptor phosphorylation.
Immobilization Correlates
with Cluster Size
We used transmission electron micros-
copy (TEM) of immunogold-labeled
membrane sheets to compare the dose
dependence of IgE-Fc3RI clustering with the kinetics of IgE-
Fc3RI immobilization. It is important to note that cluster size is
not a direct measure of receptor aggregate size because even
uncrosslinked receptors have a nonrandom distribution (Fig-
ure 6A;Wilson et al., 2000). Increases in cluster sizes in response
to antigen, as imaged by electron microscopy, probably reflect
both the influence of membrane architecture and the degree
of crosslink-induced aggregation. After 1 min of stimulation,
marked dose-dependent differences in IgE-Fc3RI cluster size
were clearly visible (Figures 6A–6C). Quantification of these
images confirmed that the extent of antigen-induced IgE-Fc3RI
clustering closely parallels receptor mobility. Consistent with
previous work (Seagrave et al., 1991), we also noted that very
large clusters of IgE-Fc3RI form at the higher doses of DNP25-
BSA (Figure 6D), and in such conditions, the secretory response
is modestly diminished (Figure 1D). These results suggest that
crosslinking receptors into large complexes is probably the
primary mechanism underlying antigen-induced immobilization.
Direct Crosslinking of IgE-Fc3RI Is Required
for Immobilization
To evaluate the possibility that crosslinked IgE-Fc3RI complexes
might influence the behavior of non-crosslinked Fc3RI, we
primed cells with IgE of two different specificities: the DNP-
specific IgE (anti-DNP-IgE) and a second monoclonal IgE that
recognizes dansyl (anti-dansyl-IgE). Specificity of each antibody
was confirmed by stimulation with their specific antigens. AsImmunity 31, 469–479, September 18, 2009 ª2009 Elsevier Inc. 473
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dansyl-BSA produced a comparable secretory response to cells
loaded with anti-DNP-IgE and stimulated with DNP25-BSA
(Figure S6). The response was antigen specific over a range of
antigen doses (Figure S6).
We next examined whether the two different IgE specificities
coclustered upon stimulation with one or both antigens. We
primed cells with a 1:1 mixture of Alexa488- anti-DNP-IgE and
Alexa633-anti-dansyl-IgE. These cells were then exposed to
0.1 mg/ml DNP25-BSA, dansyl-BSA, or both (0.05 mg/ml each)
for 1 min, fixed, and imaged by confocal microscopy. Because
of the resolution limits of the light microscope, only macroscopic
receptor clusters are visible in this assay. As previously sug-
gested (McConnell et al., 1986), IgE-bound receptors only
formed large clusters in the presence of their cognate antigens
and these clusters had very little overlap when both antigens
were applied simultaneously (Figure 7A). This observation
suggests that the macroscopic clusters are solely composed
of IgE-Fc3RI engaged by specific multivalent antigen.
SPT experiments reinforced this conclusion by demonstrating
that only crosslinked receptors have altered mobility. Cells were
labeled with low amounts of QD655-anti-DNP-IgE and then the
remaining receptor sites were saturated with either anti-DNP-
IgE or anti-dansyl-IgE. Crosslinking the anti-dansyl-IgE primed
receptors with 1 mg/ml dansyl-BSA did not substantially affect
the diffusion of QD655-anti-DNP-IgE-primed receptors (Fig-
ure 7B and Table S1). As expected, crosslinking the anti-DNP-
IgE -primed receptors with 1 mg/ml DNP-BSA produced the
dramatic decrease in the mobility of QD-anti-DNP-IgE-primed
receptors (Figure 7B and Table S1). We also modified this
protocol in order to visualize the relationship between antigen-
induced aggregates and noncrosslinked Fc3RI (Movie S4). Cells
were labeled with SPT levels of QD655-anti-DNP-IgE and then
the remaining receptor sites were saturated with Alexa488-anti-
A
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B Figure 5. Immobilization Is Insensitive to
PP2 Treatment and Correlates with Internal-
ization
(A) Immunoblot showing phosphotyrosine signal
from RBL-2H3 cells stimulated with 0.1 mg/ml
DNP-BSA in the absence or presence of PP2.
(B) Quantification of the 72 kD (Syk) and 55 kD (Lyn)
bands from the blot shown in (A). Intensity is
normalized to the peak signal for each protein.
(C) CPA plot showing diffusion of QD-IgE-Fc3RI
before (solid lines) or 1 min after (dashed lines)
addition of 1 mg/ml DNP-BSA in the absence (red
lines) or presence (blue lines) of PP2. See also
Table S1.
(D) Percent internalization of IgE-Fc3RI as a func-
tion of time and antigen dose in the presence
(open symbols) or absence (filled symbols) of
PP2. All antigen doses are in mg/ml. The internaliza-
tion assay was repeated twice with similar results.
dansyl-IgE. After labeling the receptors
with IgE, we stimulated cells with 1 mg/ml
dansyl-BSA and simultaneously imaged
clustering of Alexa488-anti-dansyl-IgE
and diffusion of QD655-anti-DNP-IgE.
No prolonged interactions of QD655-anti-DNP-IgE with the clus-
ters of Alexa488-anti-dansyl-IgEwere observed. Taken together,
these results demonstrate that activation of a subset of receptors
does not trap bystander receptors in immobile signaling clusters
or result in a global cellular response that affects their mobility.
DISCUSSION
Previous studies led to speculation that Fc3RI immobilization
might initiate downstream signaling (Mao et al., 1991; Menon
et al., 1986b; Myers et al., 1992; Pecht et al., 1991; Pyenta
et al., 2003; Tamir et al., 1996; Zidovetzki et al., 1986). However,
technical limitations prevented a detailed examination of this
hypothesis, particularly for the study of small receptor aggre-
gates. The signaling competence of small aggregates has
been demonstrated in studies using bivalent ligands and
receptor antibodies, which have shown that aggregates of at
least two Fc3RI are sufficient for inducing signaling with varying
degrees of efficiency (Ortega et al., 1988; Paar et al., 2002). Here,
we employed monovalent QD-based probes and multicolor
single-particle tracking to directly observe the movements of
aggregated Fc3RI and explore the relationships between antigen
valency, receptor aggregate size, mobility, and the initiation and
propagation of downstream signaling. By comparing results in
both the RBL-2H3 mucosal mast cell line and in murine BMMCs,
we demonstrate that receptor behavior is not exclusive to any
single model system. This work demonstrates that low-valency
antigens (average of two or four haptens per BSA carrier) induce
signaling in the absence of receptor immobilization. Even high-
valency antigens fail to immobilize receptors when applied at
low doses. The use of hyperspectral microscopy allowed us to
discriminate between multiple receptors within the same aggre-
gate. We directly observe diffusion of aggregates containing at
least three Fc3RI. Furthermore, we showed that IgE receptors474 Immunity 31, 469–479, September 18, 2009 ª2009 Elsevier Inc.
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fast mobility. DNP-QD receptor complexes are signaling compe-
tent, given that they induce degranulation. Therefore, receptor
immobilization is not required for signal initiation.
We speculate that receptor orientation, as well as the distance
between receptors in an aggregate, are also features that mark-
edly influence signal initiation. This may explain the relatively
poor signaling capability of DNP2-BSA, which probably presents
a limited number of properly oriented pairs of haptens. We note
that, unlike the defined dimerizing reagents described recently
(Paar et al., 2002), the reagents used here do not permit evalua-
tion of distances between haptens.
Wealsoevaluated the kinetics of Fc3RIb andg subunit tyrosine
phosphorylation over the range of DNP25-BSA doses. Distinct
roles for b and g ITAMs in Fc3RI signaling have been established
(Donnadieu et al., 2000; Jouvin et al., 1994; Lin et al., 1996;
Wilson et al., 1995), in which the Fc3RI g-ITAM phosphorylation
is essential for Syk recruitment and downstream allergic
responses (Sakurai et al., 2004; Takai et al., 1994). Therefore, it
is surprising to note that Syk phosphorylation did not correlate
well with g subunit phosphorylation. Similar weak patterns of
Fc3RI g phosphorylation have also been reported by others (Lin
et al., 1996; Xu et al., 1998). There are several potential explana-
tions for the disparity between Syk and g phosphorylation. First,
at low doses, Syk may be recruited to a small number of phos-
phorylated receptors that are below the limits of detection by
immunoblotting. In this case, Syk recruitment to receptor tails
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Figure 6. Fc3RI Cluster Size Increases as a Function of Antigen Dose
(A–C) Representative electron micrographs from membrane sheets with 5 nm
gold particlesmarking the positions of the b-subunit of Fc3RI.Membrane sheet
preparations were from (A) resting cells, or cells treated with either (B) 0.001 or
(C) 1 mg/ml DNP-BSA for 1 min.
(D) Quantification of receptor clustering after 1 min of stimulation at the
indicated doses of DNP-BSA, based upon 10 micrographs per condition.
Arrowhead in (B) indicates a clathrin-coated pit. Scale bars in (A)–(C) repre-
sent 0.1 mm.Immust be highly transient, permitting many Syk molecules to be
activated in succession. This would be a classic example of
signal amplification. Second, given recent evidence for confor-
mational changes in the BCR and TCR systems (Aivazian and
Stern, 2000; Gil et al., 2002; Tolar et al., 2008), it is possible
that minimal receptor crosslinking exposes the g ITAM and
permits Syk recruitment. Under this scenario, g subunit phos-
phorylation would strengthen, but not be completely essential
for, Syk recruitment. A third possibility is that g ITAM phosphor-
ylation is difficult to detect because of rapid dephosphorylaton;
this hypothesis is consistent with the observation that b subunit
is robustly phosphorylated and the most likely candidate for
anchoring SH2-containing phosphatases (Wilson et al., 1995).
Importantly for the present study, the tyrosine kinase inhibitor
PP2 eliminated antigen-induced tyrosine phosphorylation and
secretion and had no detectable effect on receptor mobility.
Thus, receptor immobilization is not dependent on the
Figure 7. Direct Crosslinking Is Required for Immobilization
(A) Cells were primed with Alexa647-anti-dansyl-IgE and Alexa488-anti-DNP-
IgE and then stimulated for 1 min with DNP-BSA, dansyl-BSA, or both (see
Supplemental Experimental Procedures). Scale bars represent 5 mm.
(B) The cumulative probability plot of the diffusion coefficient of QD-anti-DNP-
IgE for four conditions is shown. Cells were labeled with QD-anti-DNP-IgE and
then primed with either anti-DNP-IgE or anti-dansyl-IgE. The diffusion rate of
QD-anti-DNP-IgE was then measured in anti-DNP-IgE primed cells before
(red, solid line) and after (red, dashed line) addition of 1 mg/ml DNP-BSA.
The diffusion rate of anti-DNP-QD-IgE was also measured in anti-dansyl-IgE
primed cells before (blue, solid line) and after (blue, dashed line) addition of
1 mg/ml dansyl-BSA. See also Table S1.munity 31, 469–479, September 18, 2009 ª2009 Elsevier Inc. 475
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reflects the extent of physical crosslinking by polyvalent antigen.
This conclusion is supported by ‘‘snapshot’’ images of IgE
receptor cluster size as measured by electron microscopy. In
resting cells, most receptors are imaged as singlets and small
clusters; statistical analyses confirmed that this nonrandom
distribution is significant (Wilson et al., 2004). Because SPT
data have shown that most resting receptors transition rapidly
between states of transient confinement and highly diffusive
behavior (Andrews et al., 2008), we suppose that fixation stabi-
lizes highly dynamic clusters. As antigen dose increases,
receptor clusters progressively enlarge until singlets are a small
minority and large clusters are the majority. This marked dose-
dependent onset of immobilization (between the doses of 0.01
and 0.1 mg/ml of DNP25-BSA) suggests that there is a size
threshold at which receptor aggregates become immobile.
Note that we do not claim here that immobilized receptors lack
the capacity to signal. However, the duration of signaling from
immobilized receptors may be short because we report here
that receptor immobility is markedly correlated with rates of
internalization. We found that internalization wasminimal at non-
immobilizing antigen doses, extensive at immobilizing antigen
doses, and insensitive to PP2 treatment. On the basis of these
observations, we hypothesize that extensive crosslinking and
subsequent immobilization is sufficient for triggering receptor
endocytosis, although the mechanism of endocytosis remains
to be defined. Consistent with our observations here, previous
mutagenesis studies failed to identify an endocytic motif in any
of the Fc3RI subunit cytoplasmic tails (Mao et al., 1991). It is clear
that at least a portion of crosslinked Fc3RI enter cells via coated
pits (Pfeiffer et al., 1985). However, endocytosis is not inhibited
when clathrin is reduced with siRNA (Fattakhova et al., 2006
and data not shown) and receptors bound to antigen immobi-
lized on solid substrates do not recruit clathrin-coated pits or
AP-2 (Santini and Keen, 1996). Given these incongruous results,
it is clear that this is an area that warrants future investigation.
The signaling competency of small mobile Fc3RI aggregates
has physiological significance. In man and relevant animal
models, the specificity of Fc3RI is defined by the repertoire of
IgE idiotypes bound to mast cell and basophil surface receptors.
It is estimated that less than 10% of receptors on any single cell
are likely to be specific for the same allergen (Johansson et al.,
2006), and only a fraction of these need to be crosslinked to yield
a secretory response (Ortega et al., 1988). Here, we did not find
any evidence that antigen-bound receptors engage nearby,
noncrosslinked receptors to amplify the signal. This differs
from some models of the TCR, in which CD4mediates formation
of a ‘‘pseudodimer’’ between two TCRs, thus enabling T cells to
respond to a single-peptide-MHC complex (Irvine et al., 2002).
We also conclude that few phosphoryated Fc3RI are required
to recruit and amplify Syk.
In summary, our QD-based probes and hyperspectral imaging
instrumentation allowed us to demonstrate that small-antigen-
induced oligomers of at least three IgE-Fc3RI remain mobile on
the cell surface and diffuse together as stable complexes for
minutes. Immobilization occurs abruptly at moderate doses of
highly multivalent antigen, suggesting a size threshold is reached
that strongly limits diffusionof receptor aggregates. These results
support the conclusion that signal initiation and receptor immobi-476 Immunity 31, 469–479, September 18, 2009 ª2009 Elsevier Inc.lization are distinct processes. Internalization is strongly corre-
lated with Fc3RI immobilization, through a mechanism that may
or may not involve clathrin-coated pits. In the context of the
allergic response, in which levels of specific IgE and/or antigen
may be low, the observation that small, mobile Fc3RI aggregates
are signaling competent fitswell with the estimate that few recep-
tors need tobeengaged formaximal degranulation. Theobserva-
tions made here with soluble antigens are also probably relevant
to events that occur in the context of the immune synapse, where
the contributions of individual immunoreceptors are difficult to
determine. Our conclusions regarding the signaling competency
of mobile receptors are consistent with observations that newly
arrived antigen-induced microclusters of TCRs signal actively in
the pSMAC (Campi et al., 2005). These microclusters make their
way to the cSMAC (DeMond et al., 2008; Kaizuka et al., 2007),
where they coalesce, become immobile, and cease signaling
prior to being internalized (Campi et al., 2005). Thus, the signaling
competency of diffusing, antigen-engaged receptors is likely to
be a unifying feature among multichain immune-recognition
receptor family members.
EXPERIMENTAL PROCEDURES
Reagents
Mouse monoclonal anti-DNP-IgE was prepared as described in (Liu et al.,
1980). Mouse monoclonal anti-dansyl-IgE was from BD Biosciences (San
Jose, CA, USA). DNPn-BSA was from Invitrogen (Carlsbad, CA, USA) or
Biosearch Technologies (Novato, CA, USA). For unit conversion, 5 nM IgE
and 14 nM DNP-BSA are 1 mg/ml. PP2 was from Calbiochem (La Jolla,
CA, USA), anti-Fc3RIb was a gift of J. Rivera (NIH, Bethesda, MD, USA) and
phosphotyrosine antibodies (PY20/PY99) were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). HRP-conjugated secondary antibodies and
SuperSignal West Pico Chemiluminescent Substrate kits were from Pierce
Protein Research Products (Rockford, IL, USA).
Reagent Synthesis
QD-IgE
Detailed methods are described in Andrews et al. (2008).
DNP-QD
A 1 mM biotin-DNP stock solution was prepared by dissolving 1 mg DNP-X-
biocytin-X succinimidyl ester (Molecular Probes) in 100 ml dimethylsulfoxide
(Sigma). This was followed by reaction with ammonium bicarbonate (Sigma)
in a 1:10 stoichiometric ratio in water for 30 min, which quenched the succini-
midyl ester group. DNP-QDwas prepared by reacting biotin-DNPwith the indi-
cated Qdot Streptavidin conjugate (Invitrogen) in a 50:1 ratio in PBS + 1%BSA
for 4 hr at 4C; the manufacturer estimates that ach QD is conjugated to three
to five strepavidins. DNP-QDwas then purified by dialysis against PBS and the
final concentration determined by absorption at 532 nm. Stock solutions of
QD-IgE and DNP-QDs were stored at 4C and used within 4 weeks.
Alexa-IgE
Fluorescent IgE was prepared with Alexa Fluor 488 or Alexa Fluor 633 Micro-
scale Protein Labeling Kits (Invitrogen, Carlsbad, CA, USA).
Dansyl-BSA
This reagent was prepared by modification of the protocol provided with
Dansyl-X, SE (Invitrogen, Carlsbad, CA, USA) for producing a dansyl:BSA ratio
of 69.3 as measured by absorbance at 335 and 280 nm.
Cell Culture
Rat basophilic leukemia (RBL-2H3) cells were grown as adherent monolayers
in minimum essential medium with 10% fetal bovine serum (MEM/FBS) (Invi-
trogen) as described in Wilson et al. (2000). BMMCs were differentiated from
mast cell progenitors in murine bone marrow by culturing in IL-3-containing
medium for 4–6 weeks as in Kashiwakura et al. (2008). Experimental proce-
dures for generation of BMMCs were approved by the Review Boards at the
Immunity
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School of Medicine.
Degranulation, Immunoblotting, and Internalization Assays
RBL cell monolayers were grown in 24-well tissue culture plates for 24 hr and
primed with 5 nM IgEanti-DNP or IgEanti-dansyl; BMMCs were primed in
suspension overnight, harvested, washed, and allowed to settle onto eight-
well chambers for 2 hr in phenol-red-free RPMI without IL-3. Release of
b-hexosaminidasewasmeasured asdescribed inOrtegaet al. (1988). Immuno-
precipitations and immunoblotting protocols were performed as inWilson et al.
(1995) and Hernandez-Hansen et al. (2004). Measurements of fluorescently
labeled IgE internalization were performed by flow cytometry, as previously
described (Barker et al., 1995); where indicated in legend, cells were pretreated
with 10 mM PP2 and maintained in the inhibitor throughout the assay.
Single QD Tracking
SPT was performed with an Olympus IX71 inverted microscope equipped with
a 60 3 1.3 N.A. water objective and an electron multiplying CCD camera
(Andor iXon 887) as in Andrews et al. (2008). Samples were maintained at
34C–36C by an objective heater (Bioscience Tools, San Diego, CA, USA).
For tracking QD-IgE-Fc3RI complexes, RBL-2H3 cells were labeled with
500 pM QD655-anti-DNP-IgE in HBSS for 10 min at 37C prior to imaging.
Where indicated, cells were incubated with 50 nM anti-DNP-IgE or anti-
dansyl-IgE for 30 min at 37C in MEM/FBS, washed, and stimulated with the
indicated doses of DNPn-BSA ± 10 mM PP2 or dansyl-BSA while imaging at
20–33 frames/s at 35C. For tracking DNP-QDs, cells were primed by
30 min of incubation with 50 nM ‘‘dark’’ anti-DNP-IgE at 37C, followed by
addition of DNP-QD655 or DNP-QD585 at the microscope, as specified in
legends. The resulting image series were analyzed and diffusion coefficients
obtained with previously described SPT algorithms (Andrews et al., 2008).
Kinetics of Immobilization Assay
RBL-2H3 cells were labeled with a 1:1 mixture of 500 pM QD625- and QD705-
anti-DNP-IgE for 10 min at 37C in HBSS, washed, and incubated at 37C
for 30 min with 140 nM anti-DNP-IgE. Cells were washed and imaged at
20 frames/s at 35C in 200 ml HBSS; after 10 s, 100 ml of 33 DNPn-BSA
was added at indicated concentrations. Instantaneous diffusion coefficients
were calculated as described (Andrews et al., 2008), and the traces from
multiple cells (resting, n = 51; 10 mg/ml, n = 11; 1 mg/ml, n = 9; 0.1 mg/ml,
n = 10; 0.01 mg/ml, n = 10; 0.001 mg/ml, n = 16) were averaged for generation
of the final plot.
BMMC Experiments
Cells were labeled with 5 nM anti-DNP-IgE in suspension overnight, washed,
and incubated with 1 nM QD655-anti-DNP-IgE in 1 ml phenol-red-free RPMI
for 30 min at 37C. Cells were resuspended in Hanks-BSA and permitted to
settle onto eight-well chambers prior to imaging.
Analysis
Image processing was performed with Matlab (The MathWorks, Natick, MA,
USA) in conjunction with the image-processing library DIPImage (Delft Univer-
sity of Technology). Descriptions of specific analysis routines has been
reported previously (Andrews et al., 2008). D1-3 values are reported asmedians
and interquartile range is provided as a measure of statistical dispersion
(Table S1).
Hyperspectral Microscopy
Cells on 15mm round coverslipswere incubated for 15min at RTwith amixture
of 400 pM QD655-, 400 pM QD625-, 400 pM QD585-, 400 pM QD565-, and
400 pM QD525-IgE in HBSS and washed, and coverslips were mounted onto
25 3 75 mm glass slides with a 2 mm rubber spacer. Samples were treated
±0.1mg/mlDNP25-BSAand imagedby hyperspectralmicroscopy as described
in (Sinclair et al., 2006). Confocal images were acquired at 0.25 frames/s for
60 frames. The resulting image series were subtracted for dark current and
despiked (Jones et al., 2008), then displayed with a custom-image-analysis
program (Haaland et al., 2009). Regions of interest could then be manually
selected and the spectra from these regions obtained.
Electron Microscopy
Cells on glass coverslips were primed overnight with 5 nM anti-DNP-IgE.
Washed cells underwent stimulation with indicated doses of DNP-BSA forIm1 min, followed by fixation (7 min, 0.5% paraformaldehyde), and membrane
sheets were prepared as previously described (Wilson et al., 2000). Digital
images were acquired with a Hitachi H600 transmission electron microscope,
followed by image processing and statistical analyses as previously described
(Zhang et al., 2006). For plotting cluster size, we employed a cut-off distance of
50 pixels (43 nm), such that receptors within this distance of each other were
considered part of the same cluster.
SUPPLEMENTAL DATA
Supplemental Data include one table, six figures, Supplemental Experimental
Procedures, and four movies and can be found with this article online at http://
www.cell.com/immunity/supplemental/S1074-7613(09)00364-1.
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